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Abstract 

Liraglutide is a glucagon-lil<e peptide-1 (GLP-1) mimetic used for the treatment of Type 2 diabetes. Similar to the actions of 
endogenous GLP-1, liraglutide potentiates the post-prandial release of insulin, inhibits glucagon release and increases 
satiety. Recent epidemiological studies and clinical trials have suggested that treatment with GLP-1 mimetics may also 
diminish the risk of cardiovascular disease in diabetic patients. The mechanism responsible for this effect has yet to be 
determined; however, one possibility is that they might do so by a direct effect on vascular endothelium. Since low grade 
inflammation of the endothelium is an early event in the pathogenesis of atherosclerotic cardiovascular disease (ASCVD), we 
determined the effects of liraglutide on inflammation in cultured human aortic endothelial cells (HAECs). Liraglutide 
reduced the inflammatory responses to TNFa and LPS stimulation, as evidenced by both reduced protein expression of the 
adhesion molecules VCAM-1 and E-Selectin, and THP-1 monocyte adhesion. This was found to result from increased cell 
Ca^^ and several molecules sensitive to Ca^^ with known anti inflammatory actions in endothelial cells, including CaMKKp, 
CaMKI, AMPK, eNOS and CREB. Treatment of the cells with STO-609, a CaMKK inhibitor, diminished both the activation of 
AlVlPK, CaMKI and the inhibition of TNFa and LPS-induced monocyte adhesion by liraglutide. Likewise, expression of an 
shRNA against AMPK nullified the anti-inflammatory effects of liraglutide. The results indicate that liraglutide exerts a strong 
anti-inflammatory effect on HAECs. They also demonstrate that this is due to its ability to increase intracellular Ca^^ and 
activate CAMKKp, which in turn activates AMPK. 
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Introduction 

GLP- 1 is a peptide hormone secreted by the L cells of the large 
intestine in response to nutrient ingestion. It potentiates insulin 
secretion, blocks glucagon release and increases satiety [1,2], but 
cannot be used direcdy as a therapy for Type 2 diabetes due to its 
short (2 minute) half life. On the other hand, pharmacological 
mimetics have been developed with improved stability. One of 
these is liraglutide, in which the substitution of an Arg for Lys 34, 
and the addition of a C 16 fatty acid at Lys 26 (using a y-glutamic 
acid spacer) increases its half-life to 12 hours [3]. As does 
endogenous GLP-1, liraglutide potentiates insulin secretion [4], 
improves HbAlc [5], and reduces post-prandial glucose levels [6] 
in patients with Type 2 diabetes. Its effects, however, are not 
limited to beta cells. Liraglutide also stimulates the satiety response 
[7], inhibits gastric emptying [7,8], reduces intrahepatic lipid levels 
[9], induces weight loss [5], and improves several markers of 
vascular function [10]. Interestingly, several large-scale retrospec- 
tive trials have shown that GLP-1 mimetic therapies improve 
biomarkers of cardiovascular disease (CVD) and diminish the 



incidence of CVD events [11,12,13,14]. Likewise, two smaller 
prospective studies have suggested that GLP-1 mimetics diminish 
endothelial dysfunction [15,16]. Although some of these improve- 
ments could be due to enhanced insulin secretion, and secondary 
changes in glucose and lipid metabohsm, they could also reflect 
more direct effects of GLP- 1 mimetics on the endothelium, such as 
we investigate here. 

It is widely held that atherosclerotic cardiovascular disease 
(ASCVD) can begin with endothelial dysfunction caused by pro- 
inflammatory stimuli in the plasma. Patients with diabetes often 
have elevated plasma levels of TNFa and LPS [17,18] both of 
which are associated with an increased risk of ASCVD [19]. TNFa 
and LPS increase the expression of adhesion molecules (V CAM- 1 , 
E-Selectin) on endothelial cells [20,2 1] which in turn increase the 
adhesion of monocytes, the first step in the diapedesis of the latter 
into the intimal space where atherogenesis occurs [22]. Thus 
curtailing the ability of TNFa and LPS to induce the expression of 
VCAM and E-selectin would hypothetically decrease monocyte 
adhesion, and presumably atherogenesis. 
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Liraglutide signals through the GLP-1 receptor (GLP-IR), 
which is expressed in many tissues including, pancreatic islets [23] 
and endothelium [24]. The cellular signaling mechanisms 
stimulated by GLP-1 R agonists in pancreatic P-cells are known 
[25], but whether GLP-IR agonists directly induce signaling in 
endothelial cells that could be cardioprotective is not clear. We 
demonstrate here that liraglutide exerts an anti-inflammatory 
efTect on primary human aortic endothehal cells (HAECs) by 
causing a sequential increase in intracellular calcium, CaMKKP 
activity, and activation of AMPK. 

Methods 

Cell Culture 

Human Aortic Endothelial Cells (HAECs) were purchased from 
Lonza and used between passages 5-7 (Lonza, Hopkinton, MA). 
Cells were cultured on BD primaria plates (BD, Franklin Lakes, 
NJ) in EGM-2 BulletKit media (Lonza, Hopkinton, MA) at 37°C 
in a 5.5% CO2 humidified incubator. Once cells became 85-95% 
confluent, 3-4 days post-plating, they were serum starved 
overnight prior to \ ari()us treatment. Tripsin was used to loosen 
cells for passaging as per Lonza's instructions. 



Liraglutide 

American peptide (Sunnyvale, CA) cat #46-l-48A solubflized 

as directed. 

Calcium Assay 

HAECs were cultured in EGM-2 on MatTek glass bottom 
culture dishes (P35G-0-14-C) and allowed to grow for three 
days post plating. Prior to the addition of treatment, HAECs 
were serum starved overnight (1/8 ' concentration of scrum of 
EGM-2), then treated widi 2 uM Fura-2 and 1/1000 dilution of 
pluronic acid for 30 minutes and washed with serum starve 
media for an additional 30 minutes. Fura-2 is an indicator of 
intracellular calcium levels, when bound to calcium it excites at 
340 nM and when free at 380 nM, therefore the ratio of the 
two indicates internal calcium levels when multiplied by the 
225 nM Kd. Pluronic acid increases permeabihty of the cell 
membrane to Fura-2 to assist its uptake. Individual dishes were 
placed in the ionoptix microscope and focused to show 
individual cells for tracking selection. Ion Optix software was 
used to track individual cells in designated zones. Background 
readings were taken for between 3-5 minutes to ensure a steady 
state, then the treatment, 100 nM hraglutide, was added. 
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Figure 1. Liraglutide (100 nM) prevents the inflammatory effects (increases in cellular adhesion molecules] induced by TNFa 
(10 ng/mL) and LPS (2 |ig/mL) in HAECs. (A, B) HAECs were pre-incubated for 1 hr with liraglutide and then co-incubated for 3 hrs with TNFa 
(A, B) or LPS (C, D) to induce VCAM-1 and E-Selectin protein expression, (n = 6). Anova with Tukey post tests, *p<0.05, **p<0.01, ***p<0.001. 
doi:1 0.1 371/journal.pone.0097554.g001 



PLOS ONE I www.plosone.org 



2 



May 2014 I Volume 9 | Issue 5 | e97554 



Liraglutide Inhibits EC Inflammation via Ca /AMPK 



Calcium levels continued to be tracked every 4 seconds over 30 
minutes. 1 uM lonomycin, an ionophore which releases 
intracellular calcium was added to indicate the maximum 
intracellular calcium release. It should be noted that since 
HAECs are a primary cell line they differ both in size and in 
permeability to Fura-2. As a result, baseline differences between 
the individual cells is not relevant, rather changes in baseline 
intracellular calcium after to stimulation is the relevant 
measurement. 

Western Blot 

To determine both the cascade(s) involved in GLP-1 receptor 
stimulated signaling, and anti-inflammatory effects, protein 
quantity and phosphorylation were measured by western blot. 
To evaluate the cascade involved in liraglutide signaling, HAECs 
were treated with 100 nM Liraglutide over a time course spanning 
25 minutes. Time points used were: 0, 1,5, 10, 15, and 25 minutes 
after treatment addition. To evaluate the anti-inflammatory effects 
of Liraglutide cells were incubated with 100 nM liraglutide for 1 
hour prior to the addition of inflammatory stimulus- 1 0 ng/ mL 
TNFof or 2 |i.g/mL LPS for an additional 3 hours. These 
experiments were independentiy repeated 6 times. After the 
treatment, plates were placed on ice, washed with cold PBS (3x) 
and 80-100 uL of cell signaling lysis buffer was added to each well 



(1% Triton, 20 mM Tris-HCl, 150 mM NaCl, 1 mM Na2 
EDTA, 1 mM EGTA, 25 mM sodium pyrophosphate, 1 mM |3- 
glycerophosphate, 1 mM Na3V04, 1 Hg/ml leupeptin). Total 
protein was measure by Pierce BCA (Thermo Scientific). Between 
10-18 |J.g of protein was loaded per sample into a NuPage 4—12% 
Bis-Tris gel (Life technologies NP0336BOX). Gels were run in 
NuPage Mops SDS running buffer (NPOOOl) for approximately 
1.5 hrs at 150 volts. Proteins were transferred to Millipore 
immobUon-P membrane (IPVHOOOlO) in NuPage transfer buffer 
(NP0006-1) at 25 V for 1.5 hrs and then blocked in 5% non-fat 
dry mUk or blotto (5% fish gelatin, 3% BSA) for at least one hour 
at room temperature. Membranes were then incubated overnight 
with one of the following primary antibodies in 1/1,000 dilution: 
CaMKKP from BD Bioscience (San Jose, CA), pCaMKl 
(Thrl77), GAPDH, VCAM-1, E-Selectin from Santa Cruz 
Biotechnology (Santa Cruz, CA), pAMPK (Thrl72), pACC 
(Ser79), peNOS (Serll77), pCREB (Serl33) from CeU Signaling 
Technology (Danvers, MA), tAMPK from Epitomics (Burlingame, 
CA), P- Actin from Sigma (St. Louis, MO), and tACC from 
Millipore (Temecula, CA). After washing the membrane (3x) in 
Tris- buffered saline (63 mM Tris-HCl, 7.3 niM NaCl) containing 
0. 1 % Tween 20 (TBST), membrane was incubated for 1 hour with 
1/10,000 diluted in TBST secondary antibody either anti-rabbit 
IgG horseradish peroxidase linked whole antibody from donkey 
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Figure 2. Liraglutide (100 jiM) prevents TNFa and LPS induced monocyte adhesion. HAECs were pre-incubated as described in Fig.1 with 
liraglutide for 1 hour and, then co-incubated with either 10 ng/mLTNFa or 2 |ig/mL LPS for 3 hrs. Fluorescent labeled THP-1 monocytes were then 
added and the incubation carried out for an additional 30 minutes. Liraglutide prevents (A) TNFa (n = 6) and (C) LPS (n=8) stimulated monocyte 
adhesion. B,D: Representative Photomicrographs of HAECs treated as in (A and C) with adhered monocytes (visible as black dots) (lOx 
magnification). *p<0.05, **p<0.01, ♦♦*p<0.001. 
doi:1 0.1 371/journal.pone.0097554.g002 
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Figure 3. Liraglutide (100 nM) significantly increases intracellular calcium. Prior to the addition of liraglutide, HAECs were incubated with 
Fura-2, an indicator of intracellular calcium (See methods for details), n = 21 for all results shown. A: HAECs were exposed to 1 00 nM liraglutide where 
indicated by the arrow and tracked for 800 seconds. B: Bar graph shows intracellular calcium levels prior to 1 00 nM liraglutide treatment, (baseline is 
an average of 6 readings 236-256 seconds) and at peak intracellular calcium subsequently achieved (628-648 seconds) after its addition. C: Cells were 
tracked for 2000 seconds when 1 uM lonomycin was added to release all intracellular calcium from stores in the endoplasmic reticulum. D: 
Incubation with a supra-physiological level of liraglutide (2500 nM) caused a greater Increase In cell calcium, Indicating a possible dose effect for this 
therapy. 

dol:1 0.1 371/journal.pone.0097554.g003 



(GE healthcare NA934V), or anti-mouse from sheep (GE 
healthcare NXA9.31). The membranes were then washed three 
times in TBST and antigen detection was performed using 
Thermo SuperSignal ECL, either West Pico (34080) or West 
Femto (34095) was used to visuaUze proteins. Band intensity was 
measure by Scion Image software and normalized to either 
GAPDH, or total protein for phosphorylation events. 

Monocyte Adhesion Assay 

Human aortic endothelial cells were grown in primaria (BD 
falcon) 24 well plates in EGM-2(Lonza) with 5 mM glucose media. 
THP-1 monocytes kciv grown in 10 mM glucose RPMI-1640+ 
10% FBS, 1% penstr(-p and V/a glutamine in T-75 flasks. Prior to 
addition of the monocytes to the HAECs, they were spun down at 
room temperature, 1000 rpm for 5 minutes, and resuspended in 
PBS where they were dyed with 1 uM CSFC (Mol. Probes/ 
Invitrogen cat# C1157/in sterile DMSO Sigma cat#D2650) for 
30 min. They were then spun down again and resuspended in 
serum free RPMI-1640 for addition to die treated HAECs. 100 uL 
of monocyte containing media was added to every well of the 
24 well plate except that for the dilution curve for quantification of 
monocyte number. Monocytes were allowed to adhere for 30 min 
and then were washed away 3 times with room temperature PBS. 
100 uL of EBM serum free media and 100 uL of 2% triton-X lysis 



buffer were added to each well to lyse the monocytes. The samples 
were read at excitation of 485 nm and emission of 520 nm on an 
Infinite Ml 000 from TEC AN, which is a high-end multimode 
Microplate Rc-adc-r with premium Quad4 monochromators 
capable of monitoring UV, fluorescence and visible absorbencies. 

A standard curve and cell count was used to determine how 
many monocytes were present according to fluorescence level. The 
wells were then normalized to protein content as a marker of cell 
confluence /number. To visuaUze adhered monocytes, images 
were taken under phase contrast white light to visualize 
endothelial ceUs and excitation of 485 nM and emission of 
515 nm for CFSC dye and then layered to show where the 
monocytes are adhered and their density. 

Short Hairpin RNA Expressing Lentivirus 

The sequence TGAATTAAATCCACAGAAA was chosen as a 
target sequence for shRNA-mediated RNAi of human AMPKa 1 . 
The pSilencer 2.0 vector (Ambion; Austin, TX) was used as the 
template for the human U6 promoter that was cloned using the 
following PGR primers: forward primer (5-GAATTC- 
CCCAGTGGAAAGACGC-3) and reverse primer (5- 
GGTGTTTCGTCCTTTCCACAAGATATAT/W^GGG-3). 
An shRNA expression cassette was created by tandem polymerase 
reaction of the U6 promoter template with one forward and two 
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Figure 4. Western blot analyses of calcium sensitive and anti-inflammatory enzymes, 1-25 minutes following stimulation by 
100 nWl liraglutide. These graphs show the effects of liraglutide on the phosphorylation of pCaMKI n"hr177), pAMPK n'hr172), PACC (S79) peNOS 
(Ser1177) and pCREB (Ser133) (n = 6) p<0.05, **p<0.01, ***p<0.001. 
dol:1 0.1 371/journal.pone.0097554.g004 



reverse primers as follows: forward, 5-CACCGCGCGC- 
CAAGGTCGGGCA-3, and reverse 1, 5-CTACACAAACT- 
CCACCTGTTCAGCAATACGGTGTTTCGTCC-3 and re- 
verse 2 5-CCAA.4A.\.4GTATTGCTGAACAGATG-GAACTA- 
CACAAACTC-3, which contains two GU pairing mutations in 
the sense strand. The resulting PGR product was inserted into 
pCR8-GW TOPO (Invitrogen) and then transferred by LR 
reaction to pDSL_hpUGIP shRNA lentivirus expression plasmid 
(ATCC). Three \ig of the lentivirus plasmid was calcium 
phosphate-transfected along with 4.5 |J,g of pLpl(gag-pol), 1 |J,g 
of pLp2 (reverse), and 2 [Ig of pLP/VSVG (VSVG) helper vectors 
into 293 T cells grown in a six-well dish. Forty hours post- 



transfection, 18 mL of supernatant containing lentivirus was 

collected. The lentivirus was then purified using a kit (lentivirus 
production kit, ATCGbio.com, Vancouver, Canada). The HAECs 
were grown in 6 or 24-well plates as previous described and were 
infected by incubating overnight with virus (sh-scramble or 
shAMPK). The cells were visualized daily for GFP fluorescence 
(as the sh-lentiviruses co-express GFP) and then treated and 
harvested 3—4 days later. The virus infection efficiency was 
determined to by ~?)l"/a in our cells and caused an 83'X> drop in 
total AMPK protein levels in the sh-AMPK but not the sh- 
scramble infected cells. 
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Figure 5. STO-609 inhibits liraglutide signaling and its effects on monocyte adhesion. Cells were Incubated with STO-609 for 30 minutes 
prior to addition of liraglutide: A: pAMPK n'hr172), (n = 4) B: pCamKI (Thr177), (n = 4) C, D: TNFa and LPS stimulated monocyte adhesion (n = 8). 
Liraglutide: 100 nM, STO-609:0.5 ng/mL, TNFa: 10 ng/mL, LPS: 2 ng/mL. *p<0.05, **p<0.01, ***p<0.001. 
doi:1 0.1 371/journal.pone.0097554.g005 



cAMP EIA 

After treatment, cells were harvested with 0.1 N HCl. Protein 
levels were measured by BCA to ensure at least 1 jJ.g/|J.l and 
enzyme immunoassay performed as per manufacturer's instruction 
to quantify cAMP levels with Cayman cAMP EIA kit (cat # 
581001). Quantities were then normalized to sample protein level 
as determined by BCA. 

Statistics 

Data are expressed as means +/ — standard deviation. ANOVA 
with Tukey post tests and two tailed t test were used to analyze 
differences between groups of data as appropriate. p<0.05 was 
considered statistically significant. 

Results 

To increase the likelihood that the effects observed in these 
studies would be physiologically relevant primary human aortic 
endothelial cells (HAECs) were used. Additionally, the concentra- 
tion of liraglutide utilized was 100 nM, which is within the 



therapeutic range achieved in humans injected with 1.8 (Xg/day of 
the widely used brand of liraglutide, Victoza [26]. 

Liraglutide Reduces Protein Expression of VCAM-1 and E- 
selectin in Response to TNFa and LPS Stimulation 

Patients with diabetes have increased plasma levels of TNFa 
and LPS [17,18] both of which have been linked to increased 
cardiovascular disease risk [19] and the induction of inflammatory 
responses in endothelial cells. The latter involves the expression of 
cellular adhesion molecules (CAMs) on the endothelial cell surface, 
which allows for firm adhesion of monocytes. To assess how 
liraglutide affects these events, HAECs were pre-incubated for 
1 hr with 100 nM liraglutide, and then co-incubated with either 
10 ng/mL TNFot or 2 (J.g/mL LPS for 3 hrs to generate an 
inflammatory response. As shown in Fig. 1, Liraglutide attenuated 
both TNFa and LPS stimulated expression of vascular cell 
adhesion molecule- 1 (VCAM-1) and E-Selectin. 
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Figure 6. shAMPK knocl<s down AMPK and inKiibits tKie effects of liraglutide on AMPK and ACC phosphorylation, and monocyte 
adhesion. A: AMPK phosphorylation (Thr172) B: ACC phosphorylation (Ser79). C,D: Infection of HAECs with shAMPK inhibited the liraglutide 
induced decrease in TNFa (10 ng/mL) and LPS (2 ng/mL ) stimulated monocyte adhesion (n = 6). *p<0.05, **p<0.01, ***p<0.001. 
doi:1 0.1 371/journal.pone.0097554.g006 



Liraglutide Inhibits TNFa and LPS Induced Monocyte 
Adhesion 

Monocytes are the largest of the cells classified as leukocytes and 
upon stimulation, they migrate to the vasculature, where they 
adhere, diapedese, and difierentiate into mature macrophages 
[27]. Such macrophages are highly phagocytic, consume lipids 
and turn into inflammatory foam cells, a key event in the 
formation of atherosclerotic lesions [28]. THP-1 cells are a human 
monocytic cell line frequently used for monocyte to endothelial cell 
adhesion assays [29]. As shown in Figs. 2A & 2C, liraglutide 
(100 nM) attenuates TNFa (10 ng/niL) and LPS (2 Hg/mL) 
stimulated THP-1 monocyte adhesion (see materials/methods). 
Representative pictures show fluorescent green (pseudo-colored to 
black) labeled monocytes adhering to treated HAECs (Figure 2B, 
2D). Thus, liraglutide decreases both the expression of adhesion 
molecules (Figure 1) and the adhesion of monocytes to endothelial 
cells (Figure 2). 



Effects of Liraglutide on Intracellular Calcium and cAiVlP 

In pancreatic pi-cells, GLP-1 signaling has been linked to its 
abilities to increase both cAMP and intracellular calcium [30,31]. 
Calcium and cAMP arc also involved in endothelial cell signaling 
[32,33,34]. Here we show that treatment with (100 nM) liraglutide 
significandy increases intracellular calcium levels (Figure 3), and 
that 2500 nM liraglutide (a supra-pharmacological concentration) 
causes an even greater increase in cell calcium (Figure 3D). 
Likewise, incubation with 100 nM liraglutide caused a small, but 
statistically significant, increase in intracellular cAMP levels 
(Figure SI), and a significantly greater increase when the cells 
are incubated with a supra-pharmacological concentration of 
liraglutide (1000 nM). Thus, liraglutide has concentration depen- 
dent effects on cell Ca^""" and to a somewhat lesser extent, cAMP. 
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Figure 7. Schema depicting tKie proposed mechanisms for the 
anti-inflammatory effect of liraglutide on human aortic 
endothelial cells. 

doi:1 0.1 371/joumal.pone.0097554.g007 

Liraglutide Activates CaMKKp Leading to 
Phosphorylation of AMPK (Thr172), CaMKI (Thr177), and 
other Downstream Targets 

To link the influx in calcium to the anti-inflammatory efi^ects 
observed with Hraglutide treatment, we examined other factors 
activated by increases in intracellular calcium that have been 
shown to also confer anti-inflammatory effects in endothelial ceUs. 
One of these is AMPK [35], an evolutionarily conserved fuel and 
stress-sensing enzyme that can be activated by calmodulin- 
dependent protein kinase kinase-P (CAMKKP) [36], which itself 
is activated by increases in intracellular calcium, like those 
resulting from liraglutide treatment (Figure 3). 

Time course studies revealed that liraglutide stimulates the 
phosphorylation of AMPK resulting in the phosphorylation of its 
downstream targets pACC(ser79) and cNOS (serl 177) (Figure 4A, 
4B, 4C). This suggests that calcium activated CaMKKP could be 
acting as an AMPK kinase. In addition to AMPK, activated 
CaMKKP phosphorylates and activates CaMKI (Thrl77) 
(Figure 4D). This is a key observation as in addition to PKA, 
CREB (serl33) can be phosphorylated by CaMKI [37,38], as seen 
in Figure 4D and E. Although such serine phosphorylation of 
CREB could also result from the small observed increase in 
cAMP, inhibition of CaMKKP, and thereby CaMKI, with the 
CaMKKP inhibitor STO-609 (further discussed below) also 
inhibited phosphorylation of CREB (Figure S2), indicating that 
it is dependent on CaMKKP activity. Moreover, although the 
time to peak activation seen in Figure 4 was consistent across 
different primary ceU donors and cell passages, it occasionally 
ranged between 1-20 minutes for CaMKI and AMPK with peaks 
for ACC, eNOS, and CREB phosphorylation occurring later. 

STO-609 Inhibits CaMKKP Activity, Blocking 
Phosphorylation of AMPK and CaMKI and Inhibiting their 
Anti-inflammatory Effects on Monocyte Adhesion 

To confirm that phophorylation of AMPK and CaMKI and 
their downstream targets are indeed downstream of CaMKKP 
activation we preincubated HAECs with STO-609 before 
exposing them to liraglutide. STO-609 is a CaMKKa and 



CaMKKP specific inhibitor that has been used in other studies to 
inhibit the phosphorylation of AMPK resulting from calcium 
fluxes [39] . Pre-incubation with STO-609 effectively inhibited the 

phosphorylation of CaMKI and AMPK (Figure 5A, 5B) and their 
downstream targets pCREB and peNOS (Figure S2). In addition, 
STO-609 blocked the effects of liraglutide on TNFa and LPS 
induced monocyte adhesion (Figure 5E, 5F) demonstrating that 
this anti-inffammatory benefit is also dependent on activation of 
CaMKKp. 

ShRNA Mediated Knockdown of AMPK Prevents the Anti- 
inflammatory Effect of Liraglutide 

With the use of a lentivirus to express a shAMPK, we knocked 
down the expression of AMPK in HAECs. The latter was evident 
both microscopicaUy, as the virus co-expressed a GFP tag allowing 
for visuafization of infection (Figure S3), and by significandy 
reduced (83%) AMPK protein levels (Figure S3). Additionally, die 
lentivirus had no effect on the cellular density, as indicated by total 
cellular protc'in (]uantificati()n (Figure S3). The expression of 
shAMPK prevented liraglutide induced activation of AMPK 
(Figure 6A) and its downstream target pACC (Figure 6B) as weU as 
the anti-inflammatory effects of liraglutide on monocyte adhesion 
(Figure 6C, 6D). These results indicate both that Uraglutide 
activates AMPK, and that the latter is key to inhibiting monocyte 
adhesion, a putative early step in atherogenesis. 

Discussion 

It has been suggested by epidemiological [1 1,12,13] and clinical 
studies [14,16,24,40] that treatment with a GLP-1 receptor 
agonist, such as liraglutide, diminishes the risk of c:ardiovascular 
disease in patients with Type 2 diabetes. The mechanism, 
however, by which it confers this benefit, is incompletely 
understood. The results of the present study suggest that liraglutide 
may act by inhibiting chronic inflammation in human aortic 
endothelial cells, an initiating event in atherogenesis. Thus we 
found that liraglutide diminishes both TNFa and LPS induced E- 
selectin and VCAM-1 expression, and the increase in monocyte 
adhesion that accompanies it. The results also demonstrate that 
liraglutide produces these effects by increasing cell Ca^"*" and 
secondarily the activities of CAMKKP and AMPK (Figure 7). 

As recently reviewed, TNFa and LPS stimulated monocyte 
adhesion to endothelial cells are initiating events in the pathogen- 
esis of atherosclerosis [41]. Therefore, our findings that Hraglutide 
reduces the increased expression of VCAM-1 and E-selectin, and 
monocyte adhesion, caused by TNFa and LPS in HAECs 
(Figure lA-D) could be highly relevant. Others have found that 
liraglutide inhibits high-glucose induced endoplasmic reticulum 
stress [42], and also TNFa induced markers of endothelial 
dysfunction such as PAI-1 [43], ICAM-1, and VCAM-1 in human 
umbilical vein endotheUal cells (HUVECs) [44]. However, 
whether these effects could functionally affect endothelial ceU 
monocyte interaction was not known. This is the first study 
demonstrating that liraglutide directiy diminishes monocyte 
adhesion to inflamed primary human aortic endothelial ceUs and 
find the mechanism by which this occurs. In healthy vasculature, 
diapedesis is important for immune protection against infection. In 
contrast, under atherogenic conditions, monocytes diapedese, 
engulf excessive lipids, become foam ceUs and adhere to the 
intimal space. This generates a feed forward cycle of inflamma- 
tion, increasing adhesion and diapedesis of monocytes, and 
formation of an atheroma [45]. If, as shown here, liraglutide 
downregulates expression of adhesion molecules in endothelial 
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cells, and subsequent to this, monocyte adhesion, it presumably is 
inhibiting atherogenesis. 

As already noted, the mechanism through which GLP-IR 
agonists, such as liraglutide, affect vascular endothelium has not 
been well studied. In pancreatic beta cells, they primarily signal 
through cAMP and calcium dependent mechanisms [30,31]. We 
demonstrate here that stimulating HAECs with hraglutide 
(100 nM) results in a significant increase in intracellular calcium 
(Figure 3). To our knowledge, this is the first demonstration that 
liraglutide causes an increase in intracellular calcium in any cell 
type. The effects of liraglutide' on intracellular calcium release were 
also shown to be dose dependent as high dose liraglutide 
(2500 nM) treatment increased intracellular calcium to a greater 
extent (Figure 3D). Although liraglutide also increased cAMP 
levels, its effect at the concentration found in the circulation of 
patients (100 nM) was small (Figure SI). Intriguingly, in beta cells 
isolated from Wistar rats, GLP-1 treatment was shown to rapidly 
increase intracellular calcium levels [46] similar to the effect we 
observed with hraglutide. Whether this effect of GLP-1 and 
liraglutide on calcium is dependent on stimulation of the known 
GLP-1 receptor is unclear and a potential line of future 
investigation. However, liraglutide's inhibition of TNFa induced 
expression of IC AM- 1 and VC AM- 1 has been shown to be GLP- 
IR dependent [47]. 

The anti-inflammatory effects of liraglutide on endothelial cells 
observed in this study are similar to those observed previously by 
our lab following AMPK activation in HUVECs [48]. In the 
latter, E-selectin and VCAMl were not measured; however, 
AMPK inhibited TNFa induced NFkB a(ti\ ati()n, and decreased 
the expression of cellular adhesion molecules [48] . This is a key 
observation as cellular adhesion molecules generally require NFkB 
for transcription. In this study we found that liraglutide activated 
AMPK and its substrate eNOS (Figure 4A, 40). Activation of 
eNOS by AMPK increased nitric oxide (NO) synthesis [49], which 
scavenges superoxides [50], induces vasodilation [51] and inhibits 
leukocyte adhesion [52]. Thus, the observ ed activation of AMPK 
by liraglutide (Figure 4A) suggests a potential mechanism for the 
anti-inflammatory effects previously discussed. 

There are two primary mechanisms for the activation of AMPK 
in endothehal cells, one through CaMKKP [53] and the other 
LKBl [54]. CaMKK[5 is activated by an influx of calcium into the 
cytosol, an effect we have obser\'ed with liraglutide treatment, and 
which can occur independentiy of LKBl [55]. In addition to 
activating AMPK, CaMKKfi phosphorylates and activates 
CaMKI at Thr 177 leading to its activation. Thus, it is noteworthy 
that hraglutide increased the phosphorylation of CREB at Ser 133, 
a known target of CaMKI [37] (Figure 4E, see also Figure 7). 
Although it is possible that the small observed increase in cAJvIP 
led to the activation of PKA, which also phosphorylates CREB at 
Ser 133, inhibition of CaMKKP blocked the phosphorylation of 
CREB (Figure S3) suggesting that CaMKI activity was most likely 
responsible for this effect. 

We discovered that activation of CaMKK[5 by liraglutide is 
necessary for phosphorylation of AMPK and CaMKI through use 
of STO-609, a CaMKKa and CaMKK(5 specific inhibitor. STO- 
609 effectively blocked liraglutide stimulated phosphorylation of 
AMPK and CaMKI (Figure 5A,B) and their targets, peNOS and 
pCREB (Figure S3). Additionally, STO-609 blocked the anti- 
inflammatorv' effects of liraglutide in that it prevented TNFa and 
LPS induced monocyte adhesion (Figure 5E, 5F). From this data 



we can conclude that liraglutide signals through CaMKKP to 
activate CaMKI and AMPK (Figure 7), and that this confers 
protection against TNFa and LPS induced monocyte adhesion. 

To determine whether or not the anti-inflammatory effects of 
liraglutide are also dependent on activation of AMPK, we knocked 
down AMPK expression with a lentivirus shAMPK. ShAMPK 
expression inhibited the ability of liraglutide to induce phosphor- 
ylation of AMPK at T172 (Figure 6 A) and of tiie AMPK target 
ACC at S79 (Figure 6B). Importantiy, it also prevented the ability 
of liraglutide to inhibit TNFa and LPS stimulated monocyte 
adhesion (Figure 6C, 6D). Therefore, the anti-inflammatory effects 
of liraglutide on human aortic endothehal cells are dependent on 
the activation of AMPK, as shown in Figure 7. 

The results of the present study suggest that activation of 
CaMKKP and AMPK by liraglutide could explain its reported 
cardi()\ ascular benefits in patients with Type 2 diabetes. Intc-rest- 
ingly, cardiovascular benefits of GLP-1 mimetics have also been 
found independent of diabetes. GLP-1 mimetic therapy improved 
global left ventricular (LV) function in patients with acute 
myocardial infarction and LV dysfunction after successful 
reperfusions [56], and ischemia in patients with coronary artery 
disease [57]. Unlike many other diabetes treatments, hraglutide 
does not create an added risk of hypoglycemia. Thus, it also could 
prove useful in non-diabetic patients at risk for atherosclerotic 
cardiovascular disease. 

Supporting Information 

Figure SI E£fect of 3 minute incubation with lOOnM or 
1000 nM liraglutide on cAMP levels in HAECs (n= 10). 

*p<0.05, ***p<0.001. 

(TIF) 

Figure S2 STO-609 inhibits the phosphorylation of 
targets of AMPK (eNOS), and CaMKI (CREB). A: peNOS 
(Serl77) B: pCREB (Serl33). Liraglutide (100 nM), STO-609 
(0.5 |J.g/mL). *p<0.05, **p<0.01, ***p<0.001. 

(TIF) 

Figure S3 shAMPK knocks down AMPK expression. 
A,B: 20 X Micrographs of HAECs under bright field (A) and 
fluorescence to show the presence of GFP indicating positive virus 
infection (B). C: Quantification of western blot of toted AMPK 

protein level normalized to GAPDH shows 82% reduction in 
tAMPK (n = 6). D: Quantification of total cellular protein levels 
indicating virus does not affect cell density (n = 6). *p<0.05, **p< 
0.01, ***p<0.001. 
(TIF) 
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